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Presymptomatic detection of citrus trees infected with Candidatus Liberibacter asiaticus (CLas), 

the bacterial pathogen associated with Huanglongbing (HLB; citrus greening disease), is critical to 

controlling the spread of the disease. To test whether infected citrus trees produce systemic signals 

that may be used for indirect disease detection, lemon (Citrus limon) plants were graft-inoculated 

with either CLas-infected or control (CLas-) budwood, and leaf samples were longitudinally 

collected over 46 weeks and analyzed for plant changes associated with CLas infection. RNA, 

protein, and metabolite samples extracted from leaves were analyzed using RNA-Seq, mass 

spectrometry, and 1H NMR spectroscopy, respectively. Significant differences in specific 

transcripts, proteins, and metabolites were observed between CLas-infected and control plants as 

early as 2 weeks post graft (wpg). The most dramatic differences between the transcriptome and 

proteome of CLas-infected and control plants were observed at 10 wpg, including coordinated 

increases in transcripts and proteins of citrus orthologs of known plant defense genes. This 

integrated approach to quantifying plant molecular changes in leaves of CLas-infected plants 

supports the development of diagnostic technology for presymptomatic or early disease detection 

as part of efforts to control the spread of HLB into uninfected citrus groves.

Graphical Abstract

Keywords

citrus greening disease; Candidatus Liberibacter asiaticus; huanglongbing; transcriptomics; 
proteomics; metabolomics; RNA-seq; mass spectrometry; proton nuclear magnetic resonance

INTRODUCTION

Detection of specific plant changes in response to pathogen infection (indirect detection) is 

an alternative to disease diagnostic strategies which rely on direct detection of the pathogen 

associated with the disease. All commercial citrus varieties are susceptible to 

Huanglongbing (HLB, citrus greening disease), a bacterial disease which leads to reduced 

fruit quality and quantity and early tree death, and which has spread throughout the world, 

including all citrus growing states of the U.S.1 A sensitive and specific quantitative 

polymerase chain reaction (qPCR) assay has been widely used for direct detection of 

Candidatus Liberibacter asiaticus (CLas), the bacterial pathogen associated with HLB, in 

citrus leaves and in the Asian citrus psyllid (Diaphorina citri), the insect vector of the 

pathogen.2 While this assay has been extensively validated and is highly robust, the uneven 

distribution of the bacteria in the tree creates a sampling problem, in which many leaves 

from a diseased tree may have undetectable levels of CLas.3 Furthermore, when CLas is 

transmitted to a healthy tree, the pathogen moves through the phloem and replicates to high 

levels in root tissue, while the titer in the foliar tissue can remain below the limit of qPCR 
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detection for a year or more.4 During the time that infected trees are presymptomatic and the 

pathogen titer in foliar tissue is below the limit of currently available direct detection 

technologies, the insect vector is still capable of acquiring CLas from the flush tissue, or the 

youngest growth, of these trees, and rapidly spreading the pathogen throughout previously 

healthy groves.5 Horizontal transmission of CLas to psyllid nymphs via the flush tissue, or 

the youngest growth, occurs in just a single insect generation. This means the pathogen can 

rapidly spread within a grove even before a plant becomes systemically infected.

Indirect detection diagnostic technology relies on the ability to monitor specific molecular 

changes in the plant that occur upon infection, including changes in the expression of genes 

or proteins, and in the production of metabolites. Unique gene expression profiles associated 

with infection by Xylella fastidiosa, the causative agent of Pierce’s disease, have been 

identified in grapevines.6 Human peptide biomarkers identified in serum, urine, and saliva 

have been associated with heart disease, cancer, and other diseases.7 Metabolomic analysis 

of citrus fruit resulted in the identification of metabolite-based biomarkers whose abundance 

varies depending on whether the fruit was derived from healthy or CLas-infected trees.8 

Advances in genomics, proteomics, and metabolomics technologies have dramatically 

increased the feasibility of obtaining detailed molecular profiles of complex samples, 

allowing classification of unknown samples as healthy or diseased depending on the 

observed biomarker profile.

Several studies have analyzed the effect of CLas in citrus using transcriptomics, proteomics, 

and metabolomics approaches. Proton nuclear magnetic resonance (1H NMR) metabolomics 

has revealed metabolic profiles associated with diseased fruit,8–10 RNA-Seq has been used 

for transcriptome analysis of fruit, roots, and leaves, and proteomic analysis has been 

applied to root and leaf samples of healthy and CLas-infected trees.11–19 To understand the 

factors underlying premature fruit drop from diseased trees,20 transcriptome analysis of the 

calyx abscission zones in navel oranges was performed, revealing that CLas infection was 

associated with dramatic upregulation of transcripts associated with ethylene and jasmonic 

acid metabolism.21 Direct ionization mass spectrometry was used to sample healthy and 

symptomatic diseased trees to identify seasonal variation in HLB biomarker metabolites.22 

With the exception of the final case, each of these studies has analyzed differences between 

healthy and infected trees at a single time point.

In this study, lemon (Citrus limon) plants were grafted with either control (CLas−) or 

infected (CLas+) budwood. Over the course of the subsequent 46 weeks, leaf samples were 

collected from a total of 11 control grafted and 11 CLas grafted plants on a biweekly basis. 

Leaf samples were analyzed for CLas using the USDA qPCR protocol2,23 to quantify 

pathogen titer over time. Leaf samples were also collected for transcriptomic, proteomic, 

and metabolomics analyses, to evaluate specific plant changes associated with response to 

CLas which may be exploited for diagnostic purposes.

Detection of presymptomatic infected trees is a critical component of the extensive effort 

underway to contain the spread of HLB. This is particularly relevant to states such as 

California, where the insect vector has dramatically expanded its range since its first 

appearance in 2008. In 2012, the first HLB-positive citrus tree was identified in California, 
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in Hacienda Heights, and since that time the number of diseased trees identified in surveys 

led by the California Department of Food and Agriculture has steadily increased. In 2018, 

nearly 700 diseased trees were newly identified in California, although to date no diseased 

trees have been found in commercial groves in that state, only in residential areas. Proactive 

measures are required to protect the livelihood of citrus growers by removing infected trees 

at the earliest possible stage to prevent the spread of the pathogen by the Asian citrus 

psyllid.

EXPERIMENTAL SECTION

Citrus Growth Conditions, Grafting, and Sample Collection

All research involving plants was conducted in accordance with state and federal guidelines 

regulating the culture, transport, and disposal of plants and plant material infected with the 

plant bacterial pathogen Candidatus Liberibacter asiaticus. The plants used in the 

experiments were Lisbon lemon scion (VI380, Limonoira 8A; California Citrus Clonal 

Protection Program) on Carrizo rootstock (rootstock was started from seed). The plants were 

maintained in round 7.6 L pots (22 cm diameter and 21 cm height) in an insect-free 

greenhouse at 27 °C (±1.5 °C) with supplemental lighting (high-pressure sodium lights; 16 h 

light:8 h dark) at the University of California, Davis, Contained Research Facility. Humidity 

was not controlled. The plants were watered as needed, and at each watering, the plants were 

fertilized with a complete fertilizer (5–12–26) that contained micronutrients. The plants 

were approximately 6 months old when they were graft-inoculated (control graft: N = 11; 

infected graft: N = 11). To inoculate each plant, one branch was selected to receive three T-

bud grafts, and grafts were placed as close to the main stem as possible on the branch. The 

plant material used for the grafts were buds taken from Lisbon lemon source plants that 

either had repeatedly tested negative (control plants) or had repeatedly tested positive for 

CLas (Hacienda Heights isolate) using qPCR2,23 to determine the presence of CLas in plant 

tissue. The Ct values for the source plants were 40 for the control plants and ranged from 21 

to 23 for the CLas plants. At approximately monthly intervals after grafting, leaf samples 

were collected at random from each plant and DNA was extracted from dissected midribs 

and analyzed by qPCR for the presence of CLas, using the USDA standard protocol for 

CLas detection.2

Citrus RNA-Seq Sample Preparation and Sequencing

RNA was extracted using a modified RNeasy (Qiagen) protocol from one flash frozen leaf 

sampled from each plant at each time point. Leaves were cryoground by mortar and pestle. 

A modified RLT lysis buffer [4 M guanidine isothiocyanate, 0.2 M sodium acetate pH 5.2, 

25 mM EDTA, 2.5% (w/v) PVP-40, 1% (v/v) β-mercaptoethanol, 10% volume of 20% 

sarkosyl] was added to the ground tissue along with an equivolume amount of chloroform. 

Following vortexing and centrifugation, the upper phase was mixed with ethanol and 

transferred to an RNA purification cartridge, and washed and eluted according to standard 

protocols. RNA samples were visualized using gel electrophoresis to confirm minimal 

degradation, and RNA concentration was quantified by Nanodrop. Five μg of RNA from 

each sample were subjected to polyA enrichment, and the enriched RNA samples were used 

to construct barcoded strand-specific libraries.24 The 24 barcoded samples were pooled and 
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100 bp paired end sequencing was performed in high output mode using one lane of the 

Illumina HiSeq 2000/2500 instrument.

RNA-Seq Sequence Assembly

All RNA-Seq fastq files were mapped to both the Citrus clementina v1.025 and Citrus 
sinensis v1.025 genome sequence files using tophat v2.0.12.26 In addition, a de novo 

transcript assembly was constructed with all reads using Trinity r20140717.27 More reads 

mapped to the C. clementina genome than the C. sinensis genome (80% and 56.7% 

respectively) or the de novo assembly (70%). Because the de novo assembly was also 

fragmented (N50 = 385 bp) and contained a low number of transcripts (12 902), the C. 
clementina genome was used as a reference for all further analyses. Cufflinks 2.2.128 was 

used to identify new transcripts not in the C. clementina v1.0 gene annotation file. These 

were validated and putative function was assigned using BLAST matches and InterproScan. 

Predicted protein sequences from the transcripts which did not map to C. clementina were 

annotated using protein descriptions from the Arabidopsis thaliana best blast hit. Predicted 

protein sequences were parsed to remove any sequences derived from contigs less than 200 

nucleotides in length, and sequences containing an internal stop codon. This quality filtering 

resulted in a final set of 828 novel C. limon predicted protein sequences. All biosample and 

sequence data from the Cufflinks assembly were submitted to GenBank and can be accessed 

at Bioproject ID PRJNA348468. The Trinity assembly was submitted to Figshare (DOI: 

10.6084/m9.figshare.5671585), along with 11 protein sequences predicted from the C. limon 
RNA-Seq cufflinks assembly which were used for proteomics data analysis but did not pass 

GenBank submission criteria.

RNA-Seq Differential Expression Analysis

A citrus cDNA transcriptome database was created by clustering transcripts from the C. 
clementina and C. sinensis genomes, C. limon GenBank ESTs, and the sequences from C. 
limon Trinity assembly at 100% identity, resulting in a nonredundant set of 90 656 

transcripts after removing 3966 duplicates. CD-HIT29 was used for this step with the 

following parameters: -c 0.95 -M 10000 -T 40 -d 0. Trimmomatic-0.3630 was used for 

quality trimming RNA-Seq reads with the following parameters: LEADING:5 

ILLUMINACLIP:Tru-Seq3-PE-2.fa:2:30:10 LEADING:5 TRAILING:5 SLIDING-

WINDOW:4:10 MINLEN:60. Quality trimmed RNA-Seq reads were aligned to the 

transcriptome database using two different algorithms, Hisat231 and RSEM.32 RSEM was 

run on paired-end data with bowtie2 sensitive parameters: -forward-prob 1-bowtie2-

sensitivity-level very_sensitive-bowtie2-mis-match-rate 0.5. Hisat2–2.0.4 was used with the 

following parameters: -mm-threads 30-time-fr-dta-no-spliced-alignment. The percentage of 

reads aligned using Hisat2 (77–89%) was much higher than using RSEM (24–55%), so the 

Hisat2 results were used for further analysis. Stringtie33 was applied (parameters: -p 40 -e -B 

-l MSTRG -p 40) to reconstruct the lemon transcriptome from the alignment of RNA-Seq 

reads to the citrus transcriptome database. Within stringtie, the prepDE.py script was used to 

generate the read counts for RNA-Seq reads that map to a particular transcript in the Lisbon 

lemon transcriptome. edgeR34 was used to identify the transcripts differentially expressed 

between CLas and control grafted plants at the four time points. All transcripts that had less 

than one count per million in fewer than three replicates were excluded from differential 
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expression analysis. The exact test for differential expression for negative binomially 

distributed counts35 was implemented in edgeR with the FDR threshold of 0.05. Transcripts 

with a q-value < 0.05, and with a fold difference between treatment groups greater than two, 

were classified as differentially expressed. The GO enrichment was performed with the 

topGO package using the weight01 algorithm.36 1058 of the 1588 differentially expressed 

transcripts and 45 101 of the total 90 656 transcripts were assigned GO terms using 

Interproscan.

Citrus Protein Extraction and Peptide Mass Spectrometry Sample Preparation

Proteins were extracted from one leaf sample per plant for each time point. Leaf samples 

were flash frozen in liquid nitrogen when collected, and were ground in liquid nitrogen by 

mortar and pestle. Protein precipitation solvent (10% trichloroacetic acid in acetone with 2% 

beta-mercaptoethanol) was made fresh and kept on ice until use. Precipitation solvent (10 

mL/mg wet leaf weight) was added to ground leaf samples in conical screw cap tubes. 

Samples were vortexed and stored overnight at −20 °C. Precipitated protein pellets were 

washed three times with 10 mL ice-cold acetone. During the third acetone resuspension, 

protein precipitate solution was transferred into 1.5 mL microcentrifuge tubes and 

centrifuged. After decanting the supernatant from the final wash, the pellet was dried to 

completion. Pellets were resuspended in 500 μL protein reconstitution solvent [8 M urea, 50 

mM triethylammonium bicarbonate (TEAB) in water], and samples were incubated in an 

agitator (TOMY microtube mixer MT-360) with a small stir bar at room temperature 

overnight. Samples were centrifuged at full speed to pellet insoluble material, and the 

supernatant was collected for protein analysis.

Sample protein concentration was measured using the Quick Start Bradford Protein Assay 

(Bio-Rad). Gel electrophoresis was used as a quality control check to validate the Bradford 

results. Ten μg of protein sample was adjusted to a volume of 25 μL using phosphate 

buffered saline solution. Twenty-five microliters of 2× Laemmli Sample Buffer (Bio-Rad) 

containing 5% beta-mercaptoethanol was added to each protein sample. Samples were 

incubated at 70 °C for 10 min and run on a 10% Mini-PROTEAN TGX Precast gel (Bio-

Rad) at 80 V for 2 h, using SDS-PAGE running buffer and a Precision Plus Protein 

Kaleidoscope standard (Bio-Rad). After running, the gels were removed from their casing 

and transferred to a plastic container to stain using Invitrogen NOVEX Colloidal Blue 

Staining Kit, following instructions for Tris-Glycine gels (Life Technologies). Gels were 

stained overnight on a rocker. To destain, the gels were rocked in Milli-Q water for a few 

hours, replacing the water as needed. Once destained, gels were scanned and samples were 

then compared. Protein samples were reduced with tris-carboxy-ethyl phosphine (TCEP): 5 

μL of 200 mM TCEP was added to 40 μg of protein in 100 μL TEAB and incubated at 55 °C 

for 1 h. Samples were briefly centrifuged and were cooled to room temperature. Cysteine 

alkylation was performed by adding 5 μL of 375 mM iodoacetamide to each sample. 

Samples were vortexed, centrifuged, and incubated for 1 h at room temperature in the dark. 

If necessary, TEAB was added to samples prior to trypsin digestion to reduce urea 

concentration to <1 M. Sequencing grade, modified trypsin (Promega, Madison, WI) was 

added to each sample (trypsin:protein ratio 1:40, by weight), and samples were vortexed, 

centrifuged, and incubated overnight at 30 °C.
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Trypsin-digested samples were dried and resuspended in 500ul 0.1% formic acid in water. 

Samples are acidified to a pH ≤ 3 by adding 5 μL full strength formic acid. Waters Sep-Pak 

C18 1 cm3 vacuum cartridges (cat#: WAT054955) are used with a Phenomenex vacuum 

manifold, and pressure is kept between 4 and 5 in Hg. Columns were conditioned with 3 mL 

100% acetonitrile, followed by 3 mL 0.1% formic acid. Columns were briefly dried, then 

samples were added and run through. Columns were then washed with 3 mL 0.1% formic 

acid, and briefly dried. Samples were eluted off the column into a collection tube by adding 

500 μL 80% acetonitrile, 20% (0.1% formic acid). Column was dried to ensure all eluent is 

collected. Cleaned samples were dried down before mass spec analysis.

Mass spectrometry data acquisition and analysis

Reversed phase chromatographic separation of peptide samples was performed using an 

EASY-nLC 1000 system (Thermo Scientific) equipped with a 3 cm × 100 μm trapping 

column and a 60 cm × 75 μm analytical column both packed with 5 μm Reprosil C8 particles 

with 120 Å pores (Dr. Maisch GmbH). Dried-down tryptic peptides were reconstituted in 60 

μL of 0.1% formic acid in water, and for each injection 3 μL of the peptide samples were 

loaded onto the trapping column using 20 μL of solvent A (water containing 0.1% formic 

acid) at a flow rate of 2 μL/min. Reversed phase separation over the analytical column was 

performed by applying a linear gradient from 98% solvent A and 2% solvent B (acetonitrile 

containing 0.1% formic acid) to 60% solvent A and 40% solvent B over 120 min at a flow 

rate of 300 nL/min. Eluting peptides were ionized by electrospray ionization by applying a 

voltage of 2.2 kV to a laser pulled tip at the tip of the analytical column. Mass spectrometry 

was performed using Q-Exactive Plus mass spectrometer (Thermo Scientific) operated using 

a data dependent analysis method with the following settings: a high resolution MS1 scan 

from 400 to 2000 m/z at resolving power of 70 000 @ 200 m/z, automatic gain control 

(AGC) target of 106 ions, maximum ion time of 100 ms. Up to the 20 most abundant ions in 

the MS1 were selected for MS2 with an isolation window of 1.6 m/z and a normalized 

collision energy of 35. MS2 scans covered the range for 200–2000 m/z at a resolving power 

of 35 000 with an AGC target of 50 000 ions and a maximum ion time of 50 ms. Ions with 

one, six or greater, or undetermined charge states were excluded from MS2. Ions selected for 

MS2 were dynamically excluded for 30 s.

Thermo *.raw files were converted into Mascot Generic Format (.mgf) using MSConvert in 

Proteowizard Version 3.0.9393 (64 bit). A nonredundant protein database containing 166 

858 proteins (including forward and reverse sequences) was created using predicted proteins 

from the sequenced genomes of C. clementina, C. sinensis, and CLas, proteins from other 

citrus species from GenBank, and predicted lemon proteins from the cufflinks assembly of 

the RNA-seq reads. Mascot Daemon 2.3.2 (Matrix Science, Boston, MA) was used to 

submit .mgf files for Mascot searching against the citrus protein database. The search 

database included a set of 112 common contaminant proteins from yeast, bacteria, humans, 

and other animals. The database included the reverse sequence of all proteins as a decoy 

database for approximation of the false discovery rate. MS/MS search parameters included 

parent ion mass tolerance: 25 PPM (monoisotopic); fragment ion mass tolerance: 0.80 Da 

(monoisotopic); fixed modifications (cysteine: carbamidomethyl), variable modifications 

(aspar-agine, glutamine: deamidated; methionine: oxidation), and maximum one missed 
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cleavage. Files with the *.dat extension resulting from Mascot searching were loaded into 

Scaffold Q+ 4.6.1 (version 4.6.1, Proteome Software, Portland, OR) and used to calculate 

normalized spectral counts for each protein from each sample. Scaffold protein and peptide 

thresholds were set at 95%, with a minimum peptide number of two per protein—this 

resulted in a protein false discovery rate (FDR) of 0.3% and a peptide FDR of 0.0%. Cluster 

mode was used in Scaffold to group proteins with shared peptides and calculate weighted 

spectral counts. The mass spectrometry data have been deposited to the PRIDE archive37,38 

via the PRIDE partner repository with the data set identifiers PXD005905, PXD006010, and 

PXD006011. During initial analysis of weighted spectral count data, proteins which had less 

than one spectral count in all biological samples were removed. Statistical analysis of 

weighted spectral count data for identification of proteins differentially abundant between 

sample categories was performed in Scaffold with the Fisher’s exact test (significance level 

p < 0.05 using the Benjamini-Hochberg multiple test correction).

1H NMR Sample Preparation

Several leaf disks approximately 6.35 mm (1/4 in.) surveying the entire leaf area 

(approximately 10–20 cm, depending on leaf size) were taken for every leaf collected for 

metabolomics and transferred to 2 mL tubes and lyophilized for 24 h (Labconco FreeZone 

Plus). The lyophilized leaf material was ground with one 3.5 mm glass bead using a Biospec 

Mini-Beadbeater for 2 min. Metabolites were extracted from the resulting ground material 

with 10 mM phosphate buffer heated to 90 °C in a 1:20 ratio based on the dry weight of the 

leaf sample used, and mixed for 15 min at 90 °C at 1000 rpm (Eppendorf ThermoMixer C). 

Samples were then centrifuged at 4 °C for 15 min at 14 krcf. 585 μL of the resulting 

supernatant was collected and 65 μL of internal standard containing 5 mM 3-

(trimethylsilyl)-1-propanesulfonic acid-d6 (DSS-d6) was added. 600 μL of the mixture was 

added to 5 mm NMR tubes, and stored at 4 °C until NMR data acquisition (within 24 h of 

sample preparation).

1H NMR Data Acquisition and Analysis
1H NMR data was collected for all control (n = 11) and treatment (n = 11) samples at 0, 2, 8, 

10, 12, 14, 16, 18, 20, 22, and 46 wpg, but data analysis was conducted on all control (n = 

11) and all qPCR+ treatment plants (n = 6; plant IDs: 61, 39, 75, 78, 57, 64) at each time 

point, with the exception of 12 wpg (control n = 6, treatment n = 6) and 18 wpg (control n = 

11, treatment n = 5).

NMR spectra were obtained as previously described8 with a Bruker Advance 600 MHz 

NMR spectrometer equipped with a SampleJet. Spectra were acquired using the Bruker 

“noe-sypr1d” experiment with the following acquisition parameters: 12 ppm sweep width, 

2.5 s acquisition time with 2.5 s relaxation delay, and a 100 ms mixing time. Water 

saturation was applied during the relaxation delay and mixing time. Spectra were zero-filled 

with 128 000 data points and an exponential apodization function corresponding to a line 

broadening of 0.5 Hz was applied. Metabolites were identified and quantified using 

Chenomx NMR suite v7.6 and metabolite concentrations were corrected for dilution, and 

metabolite concentrations were normalized to the dry weight of the sample used.
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The Euclidean distance matrix was calculated on log10 transformed metabolite data in R 

(v3.4.1) using the package vegan. To visualize differences between the infected and control 

samples, the distance matrix was projected using nonmetric multidimensional scaling 

(NMDS). To make sure that each group had the same variance, multivariate homogeneity of 

the control and healthy data was tested using the vegan function betadisper; no significant 

difference in the dispersion was observed between control and infected plants at any time 

point (p < 0.05). To test for similarities between the matrices of treatment and control 

groups, permutational MANOVA (PERMANOVA) was performed using the vegan function 

adonis2 with alpha = 0.05 and the number of permutations was 999, and treatment (CLas or 

control), time (wpg) and the interaction of treatment and time were included as explanatory 

variables, stratifying by the plant to control for repeated sampling. Because the interaction 

between time and treatment was significant (p < 0.05) in the initial model, separate models 

were run for each time point to assess whether the treatment effect was significant 

throughout the study. At time points when differences between the centroids of treatment 

and control groups significantly differed (via PERMANOVA, p < 0.05), Mann-Whitney U 

testing was conducted on the untransformed metabolite concentrations to determine which 

metabolites contributed to the differences using the wilcox_test function from the R package 

coin. P-values of metabolites were adjusted with Benjamini-Hochberg (q-value) to correct 

for multiple testing and control for Type I errors. Because Bonferroni procedures (such as 

Benjamini-Hochberg) assume independence and may increase the probability of making a 

Type II error, effect size (r) was also calculated ((r = Z/√N) where Z is the Z score from the 

wilcox_test output and N is the total sample size). The effect size is considered large if |r| ≥ 

0.539–42).

Data Availability

The data sets supporting the results of this article are available in publicly accessible 

repositories. Transcriptomics: All biosample and sequence data from the Cufflinks assembly 

were submitted to GenBank and can be accessed at Bioproject ID PRJNA348468. The 

Trinity assembly, and a fasta file containing 11 protein sequences predicted from the C. 
limon RNA-Seq cufflinks assembly, which were used for proteomics data analysis but did 

not pass GenBank submission criteria, have been submitted to Figshare (DOI: 10.6084/

m9.figshare.5671585). Proteomics: The mass spectrometry proteomics data have been 

deposited to the PRIDE Archive (http://www.ebi.ac.uk/pride/archive)37,38 via the PRIDE 

partner repository with the data set identifiers PXD005905, PXD006010, and PXD006011. 

Metabolomics: The 1H NMR raw spectra and metadata have been made publicly available at 

citrusgreening.org and can be accessed using this link: https://citrusgreening.org/

metabolomics_host/index.

RESULTS AND DISCUSSION

CLas qPCR Analysis of Grafted Plants

Leaf samples were collected from the 22 grafted lemon plants (11 control graft, 11 HLB 

graft) at time points between 10 and 45 weeks post graft (wpg) to measure the titer of CLas 

in sampled tissues. For qPCR analysis, multiple leaf samples were collected from different 

regions of the plants and pooled. Out of the 11 plants receiving the HLB positive graft, CLas 
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DNA was detected in six plants at multiple consecutive time points using qPCR (Figure 1)—

these were used as the CLas treatment group in downstream analyses. A plant was 

considered “positive” for CLas when the Ct value <37. The remaining five plants receiving 

grafts originating from CLas-infected plants were eliminated from analysis: two plants 

tested qPCR negative at all time points, and three plants tested negative at all but one time 

point (a borderline positive Ct value was recorded). It was not possible to determine whether 

graft inoculation of CLas failed in these plants, or whether the inoculation was successful 

but the plants never became qPCR positive. While we focused our analysis on plants which 

ultimately tested positive for CLas by qPCR, plants which were grafted with CLas budwood 

but did not become qPCR positive may provide valuable insight into the plant response to 

infection.

RNA-Seq Differential Expression Analysis

A total of 24 RNA samples were extracted from leaf samples of CLas and control grafted 

plants (three plants for each treatment group) at four time points [0, 2, 10, and 14 wpg]. The 

UC Davis Contained Research Facility plant IDs of the infected plants used are 61, 75, and 

78. The plant IDs of the healthy plants used are 38, 68, and 77. Following library 

construction and Illumina sequencing, RNA-Seq reads were mapped to a comprehensive 

database of citrus genes. Differentially expressed transcripts were identified between CLas-

infected and healthy plants at each time point. The time point where the most differentially 

expressed transcripts between control and CLas grafted plants were found was 10 wpg (850; 

464 CLas upregulated, 386 downregulated). At 14 wpg, 300 transcripts were identified as 

differentially expressed between control and CLas plants (215 CLas upregulated, 85 

downregulated), and 313 differentially expressed transcripts were found at 2 wpg (135 CLas 

upregulated, 178 downregulated). Baseline (week 0) RNA samples were collected from 

lemon plants to identify any differences between the plants prior to CLas inoculation. While 

a relatively large number of transcripts were identified as different at 0 wpg (179; 136 CLas 

upregulated, 43 downregulated), nearly all of these transcripts represent sequences which are 

found at very low abundance in one class of plants and are undetected in the other, and they 

were not found to be differentially expressed at any other time points. Read count values for 

differentially expressed transcripts identified at all time points are given in Supporting Table 

S1. The read count values for all transcripts across all time points is available at Figshare 

(DOI: 10.6084/m9.figshare.5671585).

Gene Ontology (GO) enrichment analysis was performed on all transcripts identified as 

differentially expressed at all time points. The distribution of GO terms represented among 

the differentially expressed transcripts was compared to the distribution of GO terms 

predicted from all citrus sequences in the database used for RNA-Seq data analysis. The GO 

categories most enriched in the differentially expressed transcripts are shown in Table 1. The 

category of molecular and biological function most enriched in transcripts found to be 

differentially expressed between CLas and control grafted plants is S-adenosylmethionine 

(SAM) metabolism. SAM is a methyl group donor which is involved in a wide range of 

methyltransferase reactions acting on protein, nucleic acid, lipid, and secondary metabolite 

targets.43 In addition, SAM is the precursor for biosynthesis of the plant hormones ethylene 

and polyamines.
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Transcripts associated with a total of eight reactions connected to SAM metabolism were 

found to be differentially expressed between CLas and control grafted plants (Figure 2, 

Table 2). At 2 wpg, upregulation of methionine-gamma-lyase is predicted to direct 

methionine flux toward isoleucine biosynthesis, while at weeks 10 and 14 upregulation of S-

adenosylmethionine synthetase redirects methionine toward SAM synthesis (Figure 2). At 

10 and 14 wpg, transcripts encoding aminocylopropane-1-carboxylate (ACC) oxidase, a key 

enzyme in the production of ethylene from SAM, were upregulated in CLas grafted plants. 

Upregulation of SAM decarboxylase, which converts SAM into the precursor of polyamine 

metabolism, was observed in CLas grafted plants 14 wpg. The only SAM-related transcripts 

downregulated in CLas compared to control plants are two SAM dependent 

methyltransferases, one downregulated at 2 wpg and the other at 10 wpg. The 

methyltransferase downregulated at 10 wpg is the citrus ortholog of the transcript encoding 

the lignin biosynthetic enzyme caffeoyl-CoA-methyltransferase. The downregulation of this 

methyltransferase suggests that the function of SAM as a one-carbon donor may be less 

pertinent in the response of citrus to CLas infection than its function as a hormone precursor.

The upregulation of transcripts involved in ethylene and polyamine biosynthesis following 

graft inoculation is consistent with published reports of altered hormone metabolism in 

CLas-infected plants.44 In addition, transcripts involved in ethylene perception are 

upregulated in CLas grafted plants, along with several other transcripts encoding enzymes 

involved in hormone biosynthesis and perception (Table 3). Jasmonic acid associated 

transcripts upregulated in CLas grafted plants at 10 wpg include those encoding allene oxide 

synthase, allene oxide cyclase, and lipoxygenase 3 (jasmonic acid biosynthesis), and several 

jasmonate-ZIM domain (JAZ) proteins. JAZ proteins have been shown in maize and 

Arabidopsis to play a critical role in jasmonic acid signaling, and in regulating crosstalk 

between plant hormones during the response to pests and pathogens.45 At 10 wpg, two 

transcripts associated with hormone catabolism show opposite patterns of expression: 

cytokinin oxidase is downregulated, while gibberelin 2-oxidase (GA2ox) is upregulated. 

GA2ox plays a critical regulatory role in plant development by inactivating the plant 

hormone gibberellin, and at the same time point when GA2ox transcripts are upregulated, 

transcripts encoding two gibberellin regulated proteins are downregulated. A transcript 

encoding an auxin responsive protein is also upregulated in CLas-infected plants at 10 wpg 

(Table 3).20 Changes in plant hormone levels during the response to CLas infection may 

promote accelerated abscission of unripe fruit.

Other functional categories enriched for transcripts differentially expressed between CLas 

and control grafted lemon plants are involved in metabolism of carbohydrates and amino 

acids, photosynthesis and chlorophyll catabolism, iron binding, and the response to oxidative 

stress. Polysaccharide catabolism and xyloglucan metabolism are two specific biological 

function categories enriched among the differentially expressed transcripts (Table 1). 

Xyloglucan is a major cell wall hemicellulose composed of glucose, xylose, galactose, and 

fucose monomers, and changes in xyloglucan metabolism are expected to have a significant 

impact on the structure and function of the plant cell wall.
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Mass Spectrometry-Based Quantitative Proteomics

Five plants in which CLas was reliably detected by qPCR were selected for whole proteome 

analysis, along with five control grafted plants which tested negative for CLas over the 

length of the experiment. The UC Davis Contained Research Facility plant IDs of the 

infected plants are 39, 61, 64, 75, and 78. The plant IDs of the healthy plants are 38, 44, 45, 

51, 56, and 68 (plant 44 was analyzed in place of plant 56 at one of the three time points). 

Peptides prepared from leaf samples collected from ten plants at three time points post graft 

(2, 10, 14 wpg) were analyzed by high resolution mass spectrometry, and peptides derived 

from 3108 citrus proteins were identified using Mascot46 and Scaffold47 (Supporting Table 

S2). A combined total of 122 proteins were found to be differentially abundant at the three 

time points analyzed, with the majority (85 proteins) identified at 10 wpg (Supporting Table 

S3).

In leaf samples collected at 2 wpg, six proteins were identified as differentially abundant 

(three at higher levels, three at lower levels) in CLas grafted plants compared to control 

grafted plants (Table 4).

The three proteins found at higher levels in CLas-infected plants are involved in 

photosynthesis. The three proteins found at lower levels in CLas-infected plants at 2 wpg 

have documented roles in pathogen defense—an iron binding ferritin, a Kunitz trypsin 

protease inhibitor, and the citrus ortholog of Arabidopsis hsp21, a plastid-encoded heat 

shock protein which has been shown to protect chloroplasts from oxidative stress.48 This 

downregulation of defense-associated proteins suggests that at this early stage of infection 

the bacterium may be suppressing plant defenses.

At 10 wpg, 85 proteins were identified as differentially abundant between CLas and control 

grafted plants, and at 14 wpg, 29 differentially abundant proteins were identified 

(Supporting Table S3). For all differentially expressed proteins, an associated gene ontology 

term best capturing its biological function was selected using Uniprot,49 and the distribution 

of protein functional classes was charted for four groups of proteins—upregulated in CLas 

plants at 10 and 14 weeks, and downregulated in CLas plants at 10 and 14 weeks (Figure 3). 

At weeks 10 and 14, in contrast to week 2 (Table 4), a ferritin protein was found to be 

significantly more abundant in CLas plants compared to control grafted plants (Supporting 

Table S3). At 10 wpg, a total of 12 protease (endopeptidase) inhibitors were found to be 

more abundant in CLas grafted plants than controls (Figure 3). Photosystem components 

involved in the light dependent reactions of photosynthesis were the next most abundant 

class of proteins observed to be upregulated in CLas grafted plants at the 10 week time point 

(Figure 3). In contrast, at this same time point, proteins involved in the reductive pentose 

phosphate cycle (Calvin cycle) and photorespiration comprise the largest classes of proteins 

downregulated in CLas grafted plants, suggesting that the light dependent (photosystem) 

reactions of photosynthesis are decoupled from the light independent (Calvin cycle) 

reactions. Chloroplast light-dependent signaling has recently received attention for its role in 

the response to pathogen attack.50 Photorespiration is believed to protect against oxidative 

stress through dissipation of excessive reduction potential generated during the light-

dependent photosynthetic reactions, and photorespiratory mutants have been found to 

experience elevated oxidative stress.51,52 Multiple citrus proteins with predicted function in 
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response to oxidative stress are upregulated in CLas grafted plants at 10 and 14 wpg (Figure 

3). Photorespiration exerts a major impact on plant nitrogen metabolism through production 

of ammonia, which is reassimilated by glutamine synthetase.53

At 14 wpg, two serine peptidases and one aspartic peptidase were downregulated in CLas 

grafted plants, as were lipid metabolism and cell wall proteins (Figure 3). Chitinase 

(XP_006442848.1) and β−1,3-glucanase (XP_006421176.1), plant hydrolases which have 

been characterized as a component of the plant response to pathogens and to ethylene 

signaling in multiple pathosystems,54,55 were both detected at significantly higher levels in 

CLas-infected plants 14 wpg (Figure 3). β−1,3-Glucanase functions in callose degradation, 

and has been shown to play a critical role in the maintenance of plasmodesmata, where the 

synthesis and degradation of callose are balanced to control cell-to-cell transport.56 In CLas-

infected citrus, excessive callose deposition blocking plasmadesmata has been associated 

with the development of HLB symptoms.57 O-Glycosyl hydrolase 17 has been identified as 

a plasmodesmata localized protein with callose degrading activity in Arabidopsis,58 and the 

citrus ortholog of this protein (XP_006424832.1) was found to be significantly upregulated 

in CLas-infected plants at 10 wpg (Supporting Table S3). The protein differences detected 

between healthy and CLas-infected plants at 10 and 14 weeks provide insight into elements 

of the plant response to infection, including the activation of defense responses and 

alterations in metabolism and physiology resulting from disruption of the plant vascular 

system by this phloem-localized bacterium.

1H NMR-Based Metabolomics

Metabolite extracts were prepared from leaf samples collected from CLas and control 

grafted lemon plants throughout the duration of the longitudinal study. Samples from all six 

of the CLas grafted plants which were consistently qPCR positive (Figure 1) were analyzed 

alongside samples from all 11 control plants. Baseline samples (pregrafting) and samples 

from 2, 8, 10, 12, 14, 16, 18, 20, 22, and 46 wpg were analyzed. Targeted profiling of 25 

metabolites was performed using 1H NMR spectroscopy. Analyzed metabolites included 

sugars, amino acids, and other primary and secondary metabolites. Metabolite concentration 

was normalized according to an internal standard added during sample preparation and 

corrected for dilution. The median concentration for each metabolite at each time point in 

control and CLas-infected plants is given in Supporting Table S4.

The differences in the metabolome between infected and healthy control samples were 

assessed using nonmetric multidimensional scaling (NMDS) and PERMANOVA. NMDS59 

is a rank order-based method that can be used to visualize multidimensional data sets onto a 

predefined number of dimensions (two dimensions were used in this analysis). 

PERMANOVA was performed on all the metabolomics data postgrafting (i.e., excluding 

baseline), and indicated a significant difference in metabolite composition due to the 

interaction between treatment and time (pseudo-F = 1.44 and p < 0.05). PERMANOVA was 

conducted at each time point and revealed significant differences in the metabolome between 

control and infected plants at 2 and 22 wpg (pseudo-F values = 2.77 and 2.34, respectively; p 
< 0.05). Differences in the metabolome between control and CLas-infected leaves 

approached significance at 46 wpg (p = 0.052, pseudo F = 2.06). Indeed, these differences 
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could be visualized in the NMDS ordination plots at 2, 10, 12, 22, and 46 wpg (although the 

clustering at 10 and 12 wpg did not reach statistical significance) (Figure 4).

At time points where PERMANOVA indicated significant differences between control and 

CLas-infected plants, univariate testing was conducted to understand specific metabolites 

that differed between the groups. Because of the uneven and small sample sizes (control n = 

11, CLas n = 6), Mann-Whitney U, a nonparametric test, was used.60,61 At 2 wpg, 

concentrations of alanine, sucrose, GABA, galactose, histidine, isoleucine, phenylalanine, 

uridine, proline betaine, lysine, and valine were significantly lower in infected plants 

compared to control (q < 0.1, |r| ≥ 0.5, Table 5). At 2 wpg the median concentration for most 

metabolites was lower in infected plants compared to controls (Figure 5). Correspondingly, 

protein changes between CLas and control plants were also identified at 2 wpg, where three 

proteins associated with plant defense were found at lower levels in CLas grafted plants 

(Table 4).

At 22 wpg, asparagine and alanine had lower median concentrations in infected plants 

compared to controls (q < 0.1, |r| ≥ 0.5), and uridine and unknown-1 were significantly 

different prior to multiple test correction (p ≤ 0.5) and had large effect sizes (|r| ≥ 0.5, Table 

5). At 46 wpg, the median glucose concentration was significantly higher in infected plants 

compared to controls ((q < 0.1, |r| ≥ 0.5). GABA and myoinositol had lower and higher 

median concentrations, respectively, in infected plants relative to control (significant prior to 

multiple test correction (p < 0.05)) and had large effect sizes (|r| ≥ 0.5) at 46 wpg.

The median concentration of glucose and galactose (10, 12, 14 wpg) and sucrose (12, 14 

wpg) were higher in CLas-infected leaves compared to controls at consecutive time points 

(Figure 5). Asparagine and aspartate were overall lower in infected plants throughout the 

experiment with the notable exception of week 10, where aspartate levels were 2-fold higher 

in infected plants. Although the median concentration of many metabolites were lower in 

treatment plants compared to controls at baseline (Figure 5), clustering between control and 

infected plants was not observed in NMDS, and PERMANOVA did not indicate significant 

differences between the two groups at baseline.

Integration of Transcriptomic, Proteomic, and Metabolomics Data Sets

Comparative analysis of differentially expressed transcripts, proteins, and metabolites 

identified between CLas and control grafted lemon plants provides the opportunity for 

integrated analysis of citrus response to infection over time. The 1588 differentially 

expressed transcripts were blasted (blastx e-value cutoff 1 × 10−10) against a database 

containing all nonredundant protein sequences in NCBI GenBank. The blast report 

containing the top 10 protein hits for each differentially expressed transcript is found in 

Supporting Table S5. We found that for 14 of the 103 differentially expressed proteins, the 

corresponding transcripts were also found to be differentially expressed (Table 6). Nine of 

these proteins are protease inhibitors, which were upregulated at 10 and 14 wpg—the 

corresponding transcripts were all upregulated in CLas grafted plants at 14 wpg. Among 

these is a miraculin-type protease inhibitor, which has been found to be both upregulated and 

downregulated in CLas-infected plants in previous transcriptomic and proteomic studies.
13,15,16 In a parallel longitudinal study of graft-inoculated navel oranges, miraculin-like 
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protease inhibitor gene and protein expression was found to be significantly affected by 

CLas infection.62

Another citrus sequence for which the transcript and protein were found to be upregulated 

by CLas is the callose degrading protein O-glycosyl hydrolase 17 (Table 6). Callose 

deposition is a common component of the plant defense response to pests and pathogens,
63,64 and the observed protein and transcript upregulation of O-glycosyl hydrolase 17 in 

CLas-infected plants may serve to regulate callose levels. Transcripts and proteins from two 

separate ferritin-3 proteins were both found to be responsive to CLas infection, highlighting 

the function of plant regulation of iron availability as a component of the citrus response to 

bacterial infection. While ferritin-3 (XP_006486262.1) transcript and protein levels were 

both found to be upregulated by CLas, ferritin-3 (XP_006481103.1) exhibits a more 

complicated CLas response. Ferritin-3 (XP_006481103.1) protein was less abundant in CLas 

grafted plants at 2 wpg, but was found at greater abundance in CLas grafted compared to 

control plants at 10 and 14 wpg, while the corresponding transcript was downregulated in 

CLas plants at 10 and 14 wpg. On the basis of these results, ferritin-3 (XP_006481103.1) 

appears to be subject to dynamic regulation in citrus in response to CLas, with the bacteria 

potentially influencing the release of iron in the plant for their use. Iron is a critical 

enzymatic cofactor which bacteria have developed sophisticated mechanisms to scavenge 

from their hosts in plant and animal pathosystems.65–67 Phosphatidylinositol transfer 

proteins function in signaling and membrane trafficking,68 and a protein in this family was 

found to be more abundant at 10 wpg in infected compared to healthy plants, while at the 

same time point the corresponding transcript was found to be downregulated in infected 

compared to healthy plants. This pattern of expression suggests that these proteins are 

subject to tight regulation and possibly feedback inhibition, with increased protein levels 

leading to downregulation of transcription (Table 6).

At 10 wpg, all three analyses revealed major differences between infected and control 

plants; the greatest number of differentially expressed/abundant transcripts and proteins was 

observed at 10 wpg. Proteomics data revealed coordinated downregulation of 

photorespiration and Calvin cycle proteins at this time point, while several proteins involved 

in light-dependent photosynthetic reactions were concurrently upregulated (Figure 3). 

Photorespiration serves as an important pathway for the mitigation of photooxidative 

damage,69 and the downregulation of this pathway during the response to CLas may result in 

the accumulation of reactive oxygen species.52 Accordingly, at this time point several 

transcripts and proteins involved in response to oxidative stress are induced in the plant. 

Ammonia produced during photorespiration represents a crucial component of plant 

nitrogen metabolism, accounting for ten times more nitrogen flux in plants than nitrogen 

uptake from soil.70 Serine hydroxymethyltransferase and glycine decarboxylase act together 

during photorespiration to convert serine into glycine, and both of these proteins are found at 

greatly reduced levels in CLas compared to control leaf protein samples (Table 7, Figure 6). 

The primary system for reassimilation of photorespiratory ammonia is through glutamine 

synthetase/ferredoxin-dependent glutamate synthase (GS/GOGAT),70 and glutamate 

synthase proteins were found to be downregulated at week at 10 and 14 wpg. Glutamate is 

found in high levels in plant phloem sap, and CLas may disrupt glutamate transport in 

infected plants. Glutamate decarboxylase transcripts were found by RNA-Seq to be 
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upregulated at 10 wpg—this leads to the production of gamma-aminobutyric acid (GABA), 

which has been shown to accumulate in plants in response to pathogen attack71 (Table 7, 

Figure 6). From our metabolomics analysis, the median GABA concentration was found to 

be slightly lower in CLas-infected compared to control plants at 10 wpg, but by 12 wpg, 

twice as much GABA was found in infected compared to control plants (Figure 5).

Glutamate also serves as the precursor to the amino acids arginine, proline, and aspartate, 

the latter of which was found at nearly 2-fold higher levels in CLas-infected compared to 

control plants at 10 wpg (Figure 5). Aspartate is produced from glutamate and oxaloacetate 

by aspartate aminotransferase (AspAT): while transcript and protein levels of AspAT were 

not found to change in response to CLas, it is possible that the downregulation of the GS/

GOGAT cycle redirects glutamate flux toward aspartate at 10 wpg, potentially as a result of 

feedback inhibition. Threonine, lysine, isoleucine, and SAM are derived from aspartate, and 

have been characterized as allosteric regulators of aspartate metabolism.72 Lysine and 

isoleucine levels were minimally elevated in CLas-infected plants compared to control 

plants at 10 wpg, while threonine levels were somewhat reduced (Figure 5). Downregulation 

of asparagine synthase transcripts suggests a reduction of conversion of aspartate to 

asparagine—this may result from a decrease in glutamine levels predicted from reduced 

photorespiration, and it reinforces the hypothesis that flux through aspartate is primarily 

directed toward SAM in CLas-infected plants (Table 7, Figure 6). The metabolomics data 

reveal that asparagine levels are approximately 2-fold less in CLas-infected compared to 

control plants at 8 and 10 wpg (Figure 5).

Biosynthesis of SAM and other sulfur-containing plant metabolites depends on the uptake of 

sulfate and its subsequent conversion to cysteine. One of the key enzymes for this conversion 

is 5′-adenylyl sulfate (APS) reductase73—two APS reductase transcripts are upregulated in 

response to CLas, while the sulfite reductase associated with the subsequent step in the 

sulfate reduction pathway is downregulated (Table 7, Figure 6). The coordinated regulation 

of sulfur assimilation and SAM is predicted to lead to biosynthesis of the plant hormones 

ethylene and polyamines.

In addition to the transcriptome data showing widespread involvement of hormone 

biosynthesis and perception in the C. limon response to CLas, proteomics data revealed the 

abscisic acid biosynthesis protein zeaxanthin epoxidase (XP_006470187.1) to be 

upregulated in CLas grafted plants at 10 wpg. Other differentially expressed citrus proteins 

of interest are orthologs of proteins with established roles in host-microbe interactions in 

other pathosystems. Remorin proteins are found at the plasmodesmata and plasma 

membrane and have been reported to participate in the plant immune response, controlling 

cell-to-cell movement of microbes.74 A remorin protein (XP_006421908.1) was found to be 

upregulated in CLas grafted plants at week 10, while a related remorin transcript (orange1.1 

g029522m) was downregulated in CLas plants at the same time point. Fascilin-like 

arabinogalactan (FLA) proteins are cell wall glycoproteins which affect cell-cell interactions 

and the deposition and orientation of cellulose microfibrils in cell walls.75 Two transcripts 

encoding FLAs were found to be downregulated at 10 weeks post graft (XM_006469388.1, 

XM_006447747.2), and two related FLA proteins (XP_006491459.1, XP_006452590.1) 

were found to be downregulated at 14 wpg. FLAs are glycosylated by arabinogalactan, a 
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polysaccharide consisting of arabinose and galactose monomers. Galactose is a major cell 

wall carbohydrate, as a component of xyloglucans as well as arabinogalactans.76 Elevated 

galactose and glucose levels in CLas compared to control plants detected by 1H NMR 

metabolomics at 10 wpg may result from changes in the composition of cell wall 

glycoproteins and polysaccharides. Several cell wall and lipid metabolism proteins 

potentially relevant to endocytosis were found to vary significantly between control and 

CLas grafted plants at 10 and 14 wpg (Figure 3, Supporting Table S3).

This study reveals details of coordinated changes in C. limon (Lisbon lemon) leaf 

transcripts, proteins, and metabolites over time following inoculation with CLas. These 

changes may be interpreted as components of a plant defense response to pathogen 

infection, or a reflection of the changes in the plant as it develops symptoms, declines in 

health, and succumbs to the disease. Field and greenhouse trials have classified a number of 

lemon varieties as HLB tolerant, including the Bearss lemon, the Volkamer lemon and the 

Eureka lemon.77–79 In these studies, the tolerant citrus hosts of CLas become infected with 

the pathogen, but infected tolerant plants exhibited relatively mild symptoms compared to 

sensitive citrus varieties. Eureka lemon was found in greenhouse trials to be highly tolerant 

to HLB, with minimal visual symptoms and vigorous growth. However, these tolerant 

Eureka lemon plants had high titers of CLas which were comparable with titers in sensitive 

hosts.78 In Eureka lemon field trials, visual symptoms of disease did develop, but unlike 

with sensitive sweet orange genotypes, these trees continued to retain their leaves and 

survived for the duration of the four year trial.79 A parallel study of the response of sweet 

orange (Citrus sinensis var. Osbeck) was performed alongside the study reported here.62 

Comparative analysis of CLas titer and development of disease symptoms revealed that 

lemon plants became CLas positive and developed visual symptoms several weeks before 

sweet orange plants.62 Characterization of the differences in the transcripts, proteins, and 

metabolites induced by CLas in these different citrus species will provide insight into host 

plant-specific defense responses.

These data reveal changes in C. limon leaves in response to CLas infection which can be 

detected at the transcript, protein, and metabolite levels weeks before plants show symptoms 

or test positive for CLas by qPCR. Some of the molecular changes which we observed at the 

presymptomatic stage of infection are early indicators of physiological changes which are 

manifested weeks and months later in visual symptoms in diseased plants. Phytohormones 

serve as primary mediators of the plant response to pathogens,80 and the signaling pathways 

which they activate affect diverse physiological processes including fruit abscission and leaf 

chlorosis. Transcriptome and proteome data reveal differences in expression of genes and 

proteins involved in hormone biosynthesis and perception between presymptomatic CLas 

and control plants. Genes involved in ethylene biosynthesis, as well as genes encoding 

ethylene response factors, are upregulated at CLas-infected plants compared to controls. 

While the ripening of citrus, a nonclimacteric fruit, is not associated with increased ethylene 

production and respiration, application of exogenous ethylene has been found to promote 

citrus fruit abscission.81 Transcriptome and proteome evidence for changes in auxin, 

gibberellin, and abscisic acid metabolism in infected plants suggest a role of plant hormones 

in the early fruit drop observed in diseased plants. Another visual symptom of citrus 

greening disease is leaf blotchy mottle, the development of asymmetric chlorotic patches on 
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the leaves of infected trees which is associated with loss of chlorophyll.82 One of the gene 

ontology terms most highly represented in the citrus transcripts differentially expressed 

between control and CLas plants is “chlorophyll catabolic process” (Table 1), and there are 

two chlorophyllase 1 and two chlorophyllase 2 transcripts found to be ~10-fold upregulated 

in infected leaves at 14 wpg (Supporting Table S1). These changes in gene expression 

related to chlorophyll metabolism may represent an early plant molecular response to 

infection which ultimately leads to the development of visual disease symptoms. These 

physiological changes in diseased plants may affect the biology of the citrus greening insect 

vector, Diaphorina citri, through changes in plant nutritional quality predicted from 

metabolite analysis, and through visual cues in leaf color changes. Yellow leaf color 

associated with blotchy mottle symptoms is thought to serve as a visual cue to D. citri83—

this may reflect a vector manipulation strategy by CLas, where healthy insects are more 

attracted to diseased than healthy plants,84 increasing the likelihood that the pathogen will 

be acquired by the vector and transmitted to new plant hosts.

CONCLUSIONS

The citrus response to infection is dynamic and subject to regulation at multiple levels. 

Different components of interrelated pathways were found to be regulated at the 

transcriptional and translational levels. Integration of these data sets from multiple levels of 

analysis provides a holistic picture of the greenhouse-grown plant response to infection, 

connecting genes, proteins, and metabolites to pathways and whole-tree physiology. 

Detailed understanding of the plant response to infection can be used to inform breeding 

strategies to increase the effectiveness of the plant immune system in responding to the 

presence of CLas and preventing its spread within the plant. Candidate peptide and 

metabolite biomarkers of infection must be evaluated for their effectiveness in the field, their 

relevance to a range of citrus varieties, and their specificity to CLas. Development of 

automation to decrease sample preparation time and increase throughput of sample analysis 

will be necessary for deployment of validated biomarkers in the field, enabling 

presymptomatic detection and expediting removal of diseased trees as part of efforts to stop 

the spread of the pathogen.
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ABBREVIATIONS

ACC aminocyclopropane-1-carboxylate

ACCO aminocyclopropane-1-carboxylate oxidase

AK/HD aspartate kinase/homoserine dehydrogenase
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APS 5′-adenylyl sulfate

APSR 5′-adenylyl sulfate reductase

AS asparagine synthetase

AspAT aspartate aminotransferase

CLas Candidatus Liberibacter asiaticus

FDR false discovery rate

GA2ox gibberellin 2-oxidase

GAGA gamma-aminobutyric acid

GluD glutamate decarboxylase

GlyD glycine decarboxylase

GS/GOGAT glutamine synthetase/ferredoxin-dependent glutamate synthase

1H NMR proton nuclear magnetic resonance

HLB huanglongbing

JAZ jasmonate-ZIM domain

NMDS nonmetric multidimensional scaling

PCA principal component analysis

qPCR quantitative polymerase chain reaction

SAM S-adenosylmethionine

SAMS S-adenosylmethionine synthetase

SHMT serine hydroxymethyltransferase

SR sulfite reductase

TEAB triethylammonium bicarbonate

wpg weeks post graft
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Figure 1. 
CLas qPCR data obtained from CLas grafted lemon trees. Cycle threshold (Ct) values are 

given at each time point for each of the five infected lemon trees analyzed in this study. In 

this heat map representation, red indicates high CLas titer, while blue indicates that the CLas 

titer is at or below the limit of detection.
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Figure 2. 
Differentially expressed lemon leaf transcripts involved in S-adenosylmethionine (SAM) 

metabolism identified between CLas and control grafted plants. At 2 weeks post graft (wpg), 

methionine-γ-lyase (1) transcripts are upregulated in CLas plants, directing flux of 

methionine toward isoleucine biosynthesis. At 10 wpg, three SAM synthetase (2) transcripts 

are upregulated in CLas plants, redirecting methionine flux toward production of SAM. A 

fourth SAM synthetase is upregulated in CLas plants at 14 wpg. ACC oxidase (3) catalyzes 

ethylene production from SAM, and is upregulated in CLas plants at 10 and 14 wpg. SAM 

decarboxylase (4), which regulates polyamine biosynthesis from SAM, is upregulated in 

CLas plants at 14 wpg. Homocysteine methyltransferase (5), cystathionine-β-synthase (6), 

and adenosine kinase (7) are involved in metabolism of products of the SAM cycle, and are 

all upregulated in CLas grafted plants 10 wpg. Two SAM-dependent methyltransferases (8) 

are downregulated in response to CLas, one at 2 wpg and the other at 10 wpg.
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Figure 3. 
Pie chart representation of the proportion of lemon proteins with shared predicted biological 

function, out of all proteins found to be differentially abundant between healthy and CLas 

infected plants at that time point. The number of differentially abundant proteins belonging 

to the three most common functional classes are indicated for each of the four groups: more 

abundant in CLas infected plants at (a) 10 weeks post graft, and (b) 14 weeks post graft; and 

less abundant in CLas infected plants at (c) 10 weeks post graft, and (d) 14 weeks post graft. 

The black segment of each pie chart includes the functional classes represented by one 

protein.
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Figure 4. 
Nonmetric multidimensional scaling (NMDS) ordination plots based on Euclidean distance 

matrices of metabolomic samples at 2, 10, 12, 22, and 46 weeks postgrafting for control 

(blue) and red (CLas+) samples. Lines are extending from the centroid of each group. 

Asterisks indicate significant differences between the centroids of the two clusters **p ≤ 

0.05; *p ≤ 0.1.
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Figure 5. 
Visual depiction of metabolite data. Median fold change of the average metabolite 

concentrations (infected relative to control) at each time point weeks post graft. Red 

indicates a higher median concentration in the infected plants, blue indicates a higher 

concentration in the control plants, white indicates equal concentration between conditions. 

More intense colors indicate a larger magnitude of difference.
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Figure 6. 
Integration of citrus response to CLas from transomic analysis. Selected nitrogen and sulfur 

metabolism transcripts (circled) or proteins (boxed) regulated by CLas at 10 and/or 14 

weeks post graft infection are depicted by bold arrows (black: CLas up; red: CLas down). 

Proteomics: Downregulation of photorespiration proteins in CLas grafted trees: glycine 

decarboxylase (GlyD, week 10), serine hydroxymethyltransferase (SHMT, week 10), and 

glutamate synthase (GOGAT, weeks 10, 14). Transcriptomics: CLas upregulation of 

glutamate decarboxylase (GluD; GABA biosynthesis, week 10). Downregulation of 

aspartate metabolic enzymes asparagine synthetase (AS, week 14), aspartate kinase/

homoserine dehydrogenase (AK/HD, week 10). Predicted AK/HD feedback inhibition by 

lysine, threonine, and/or S-adenosylmethionine (SAM) is depicted. Upregulation of SAM 

metabolism, including SAM synthetase (SAMS, week 10, 14) and SAM-derived hormone 

metabolism, including ACC oxidase (ACCO, weeks 10, 14) and SAM decarboxylase 

(SAMD, week 14). Upregulation of 5′-adenylsulfate reductase (APSR, week 10), 

downregulation of sulfite reductase (SR, week 10) impacts sulfate assimilation into cysteine.
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Table 3.

Citrus Hormone Metabolism and Signaling Transcripts Differentially Expressed between CLas and Control 

Grafted Lemon Plants
a

gene ID description weeks post graft CLas response CLas control

XM_006449381.1 ethylene response factor 10 up 20.4 5.21

XM_006467633.2 ethylene response factor 10 up 12.2 3.06

XM_006477062.2 ethylene responsive element binding factor 10 up 34.5 4.85

XM_006432477.1 ethylene-insensitive 3 (EIN3) 10 up 2.25 0

XM_006482231.2 allene oxide cyclase 4 2 down 0 4.38

XM_006437669.1 allene oxide cyclase 3 10 up 13.1 2.4

XM_006434833.1 allene oxide synthase 10 up 1.65 0.2

XM_006426618.1 lipoxygenase 3 10 up 123.4 42.1

XM_006465842.2 lipoxygenase 3 10 up 10.3 2.5

XM_006438782.1 jasmonate-zim-domain protein 10 up 13.5 2.09

orange1.1 g028898m jasmonate-zim-domain protein 10 up 50.7 7.67

XM_006452782.1 jasmonate-zim-domain protein 10 up 7.49 0.46

XM_006449649.1 jasmonate-zim-domain protein 10 up 5.39 0.3

XM_006474637.2 jasmonate-zim domain protein 10 up 2.61 0.09

XM_006426643.1 jasmonate-zim-domain protein 10 up 19.5 0.41

XM_006474637.2 jasmonate-zim-domain protein 10 up 9.29 0.77

XM_006422814.1 Auxin-responsive GH3 family protein 10 up 5.58 0.35

XM_006449629.1 gibberellin 2-oxidase 10 up 2.13 0.47

XM_006430958.1 Gibberellin-regulated family protein 10 down 1.59 6.07

XM_006422805.1 Gibberellin-regulated family protein 10 down 0 2.52

XM_006435008.1 cytokinin oxidase 5 10 down 7.8 33.8

a
Average read counts from RNaseq analysis of three biological replicate plants per treatment per time point. See Table 2 for read counts for ACC 

oxidase and SAM dehydrogenase.
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Table 4.

Lemon Proteins Differentially Abundant between Control and CLas Infected Plants 2 Weeks after Inoculation
a

protein ID protein description CLas response CLas control

Q09MH0.1 Ribulose bisphosphate carboxylase large chain Short RuBisCO large subunit up 581.2 442.4

Q09MF1.1 Photosystem II CP47 chlorophyll apoprotein up 57.4 35.2

KDO56915.1 Photosystem I subunit H2 up 26.4 12.6

XP_006481103.1 Ferritin-3, chloroplastic-like down 14.9 25.5

XP_006441440.1 Kunitz family trypsin and protease inhibitor down 1.8 7.2

KDO37535.1 heat shock protein 21 down 7.3 18.2

a
Average spectral count of lemon proteins found to be differentially abundant between control and CLas infected plants at 2 weeks post 

inoculation.
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Table 5.

Metabolites Significantly Differing between Healthy and CLas Infected Plants at Time Points Selected Using 

PERMANOVA
a

weeks post graft metabolite p value FDR (q value) |r| CLas response

2 Alanine 0.007 0.061 0.634 down

2 Sucrose 0.007 0.061 0.634 down

2 4-Aminobutyrate (GABA) 0.010 0.061 0.609 down

2 Galactose 0.015 0.061 0.585 down

2 Histidine 0.015 0.061 0.585 down

2 Isoleucine 0.015 0.061 0.585 down

2 Phenylalanine 0.027 0.076 0.536 down

2 Uridine 0.027 0.076 0.536 down

2 Proline Betaine 0.027 0.076 0.536 down

2 Lysine 0.037 0.083 0.512 down

2 Valine 0.037 0.083 0.512 down

22 Asparagine 0.002 0.048 0.707 down

22 Alanine 0.005 0.061 0.658 down

22 Unknown-1 0.015 0.121 0.585 down

22 Uridine 0.027 0.171 0.536 down

46 Glucose 0.003 0.077 0.683 up

46 4-Aminobutyrate (GABA) 0.037 0.304 0.512 down

46 Myoinositol 0.037 0.304 0.512 up

a
Metabolites significantly differing between healthy and CLas infected plants (Mann-Whitney U test; p ≤ 0.1) at time points selected based on 

PERMANOVA results. The q value is the FDR-corrected p value. |r| is the effect size.
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Table 6.

List of Proteins Found by Mass Spectrometry to Be Differentially Abundant between CLas and Control Plants, 

for Which the Corresponding Transcripts Were Found by RNAseq to Be Differentially Expressed

protein description GenBank ID CLas protein response CLas Transcript response

Serine protease inhibitor, potato inhibitor I-type XP_006421576.1 up week 10 up week 14

Serine protease inhibitor, potato inhibitor I-type XP_006421578.1 up week 10 up week 14

basic Chitinase XP_006422475.1 up week 10 up week 14

O-glycosyl hydrolases family 17 protein XP_006424832.1 up week 10 up week 10

Sec14p-like phosphatidylinositol transfer family XP_006434672.1 up week 10 down week 14

Kunitz family trypsin and protease inhibitor XP_006441461.1 up week 10 up week 14

Kunitz family trypsin and protease inhibitor XP_006441462.1 up week 10 up week 14

Kunitz family trypsin and protease inhibitor XP_006442410.1 up weeks 10, 14 up week 14

Kunitz family trypsin and protease inhibitor XP_006477857.1 up weeks 10, 14 up week 14

Kunitz family trypsin and protease inhibitor XP_006478132.1 up week 10 up week 14

miraculin-like XP_006478135.1 up week 10 up week 14

ferritin-3, chloroplastic-like XP_006481103.1 up weeks 10, 14; down week 2 down weeks10, 14

ferritin-3, chloroplastic-like XP_006486262.1 up weeks 10, 14 up week 14

inhibitor of trypsin and hageman factor-like XP_006495465.1 up weeks 10, 14 up week 14

J Proteome Res. Author manuscript; available in PMC 2021 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ramsey et al. Page 38

Ta
b

le
 7

.

A
ve

ra
ge

 S
pe

ct
ra

l/R
ea

d 
C

ou
nt

 V
al

ue
s 

fo
r 

A
ll 

C
L

as
 r

eg
ul

at
ed

 P
ro

te
in

s/
T

ra
ns

cr
ip

ts
 D

is
cu

ss
ed

 in
 F

ig
ur

e 
6

an
al

yt
e

ID
de

sc
ri

pt
io

n
w

ee
ks

 p
os

t 
gr

af
t 

C
L

as
 r

es
po

ns
e

C
L

as
co

nt
ro

l

pr
ot

ei
n

X
P_

00
64

94
08

6.
1

fe
rr

ed
ox

in
-d

ep
en

de
nt

 g
lu

ta
m

at
e 

sy
nt

ha
se

 1
10

 d
ow

n
4.

19
1

25
.3

6

pr
ot

ei
n

X
P_

00
64

21
10

9.
1

gl
ut

am
at

e 
sy

nt
ha

se
 1

10
 d

ow
n

0.
85

6
5.

67

pr
ot

ei
n

X
P_

00
64

94
08

6.
1

fe
rr

ed
ox

in
-d

ep
en

de
nt

 g
lu

ta
m

at
e 

sy
nt

ha
se

 1
14

 d
ow

n
37

.2
2

55
.0

2

pr
ot

ei
n

K
D

O
78

68
1.

1
se

ri
ne

 tr
an

sh
yd

ro
xy

m
et

hy
ltr

an
sf

er
as

e
10

 d
ow

n
12

.9
1

20
.7

5

pr
ot

ei
n

X
P_

00
64

26
22

5.
1

se
ri

ne
 tr

an
sh

yd
ro

xy
m

et
hy

ltr
an

sf
er

as
e 

1
10

 d
ow

n
27

.3
6

40
.4

7

pr
ot

ei
n

X
P_

00
64

50
83

4.
1

gl
yc

in
e 

de
ca

rb
ox

yl
as

e 
P-

pr
ot

ei
n 

1
10

 d
ow

n
19

.0
8

35
.1

1

tr
an

sc
ri

pt
X

M
_0

06
47

83
63

.2
as

pa
rt

at
e 

ki
na

se
-h

om
os

er
in

e 
de

hy
dr

og
en

as
e

10
 d

ow
n

0.
86

5
3.

64
5

tr
an

sc
ri

pt
X

M
_0

06
48

84
87

.2
gl

ut
am

in
e-

de
pe

nd
en

t a
sp

ar
ag

in
e 

sy
nt

ha
se

 1
14

 d
ow

n
11

.6
3

71
.9

tr
an

sc
ri

pt
X

M
_0

06
42

50
30

.1
gl

ut
am

in
e-

de
pe

nd
en

t a
sp

ar
ag

in
e 

sy
nt

ha
se

 1
14

 d
ow

n
10

.6
4

54
.6

tr
an

sc
ri

pt
X

M
_0

06
44

79
86

.1
gl

ut
am

at
e 

de
ca

rb
ox

yl
as

e 
4

10
 u

p
4.

75
9

0

tr
an

sc
ri

pt
X

P_
00

64
49

74
8.

1
A

PS
 r

ed
uc

ta
se

 3
10

 u
p

74
.7

5
16

.7
7

tr
an

sc
ri

pt
X

M
_0

06
44

96
86

.1
A

PS
 r

ed
uc

ta
se

 1
10

 u
p

2.
58

3
0

tr
an

sc
ri

pt
or

an
ge

1.
1 

g0
05

54
3m

su
lf

ite
 r

ed
uc

ta
se

10
 d

ow
n

0
39

.5
8

J Proteome Res. Author manuscript; available in PMC 2021 June 05.


	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Citrus Growth Conditions, Grafting, and Sample Collection
	Citrus RNA-Seq Sample Preparation and Sequencing
	RNA-Seq Sequence Assembly
	RNA-Seq Differential Expression Analysis
	Citrus Protein Extraction and Peptide Mass Spectrometry Sample Preparation
	Mass spectrometry data acquisition and analysis
	1H NMR Sample Preparation
	1H NMR Data Acquisition and Analysis
	Data Availability

	RESULTS AND DISCUSSION
	CLas qPCR Analysis of Grafted Plants
	RNA-Seq Differential Expression Analysis
	Mass Spectrometry-Based Quantitative Proteomics
	1H NMR-Based Metabolomics
	Integration of Transcriptomic, Proteomic, and Metabolomics Data Sets

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.
	Table 6.
	Table 7.



